Immune cells, particularly macrophages, play critical roles in the hypoxia-induced inflammatory response. The small GTPase RhoB is usually rapidly induced by a variety of stimuli and has been described as an important regulator of cytoskeletal organization and vesicle and membrane receptor trafficking. However, it is unknown whether RhoB is involved in the hypoxia-induced inflammatory response. Here, we investigated the effect of hypoxia on the expression of RhoB and the mechanism and significance of RhoB expression in macrophages. We found that hypoxia significantly upregulated the expression of RhoB in RAW264.7 cells, mouse peritoneal macrophages, and the spleen of rats. Hypoxia-induced expression of RhoB was significantly blocked by a specific inhibitor of hypoxia-inducible factor-1a (HIF-1a), c-Jun N-terminal kinase (JNK), or extracellular-signal regulated protein kinase (ERK), indicating that hypoxia-activated HIF-1a, JNK, and ERK are involved in the upregulation of RhoB by hypoxia. Knockdown of RhoB expression not only significantly suppressed basal production of interleukin-1 beta (IL-1b), interleukin 6 (IL-6), and tumor necrosis factor alpha (TNF-a) in normoxia but also more markedly decreased the hypoxia-stimulated production of these cytokines. Furthermore, we showed that RhoB increased nuclear factor-kappa B (NF-kB) activity, and the inhibition of NF-kB transcriptional activity significantly decreased the RhoB-increased mRNA levels of IL-1b, IL-6, and TNF-a. Finally, we demonstrated that RhoB enhanced cell adhesion and inhibited cell migration in normoxia and hypoxia. Taken together, these results suggest that RhoB plays an important role in the hypoxia-induced activation of macrophages and the inflammatory response. Cellular & Molecular Immunology
INTRODUCTION
Hypoxia is a causative factor in a large number of diseases, such as pulmonary edema, cancer, and ischemic diseases. However, hypoxia also influences the subsequent inflammatory and immune reactions that co-determine the outcome of the disease. [1] [2] [3] [4] The idea that hypoxia and inflammation are intertwined at the clinical, cellular, and molecular levels has gained prevailing acceptance. 4 Immune cells, particularly macrophages, play a critical role in the hypoxia-induced inflammatory response, either in the defense against anaerobic infection or sterile damage in innate immunity or in the regulation of T lymphocytes in adaptive immunity. 5 The hypoxic microenvironment appears to alter the biological behavior and function of macrophages by regulating the expression of genes involved in processes such as metabolism, motility, apoptosis, and the secretion of cytokines and chemokines. [6] [7] [8] [9] [10] [11] [12] Hypoxic stress can affect several independent transcriptional regulators related to the adaptive and inflammatory responses, in which hypoxia-inducible transcription factor-1 (HIF-1) and nuclear factor-kappa B (NF-kB) play the central roles in orchestrating inflammatory responses and hypoxic stress. 6, [13] [14] [15] However, the precise molecular mechanism responsible for the regulation of macrophage function during hypoxia remains elusive.
RhoB is a member of the Rho subfamily of small GTPases that has two interconvertible forms: an inactive GDP-bound form and an active GTP-bound form. RhoB is distinguished from other members of the Rho subfamily (RhoA and RhoC) by its subcellular localization on endosomes, the plasma membrane and in the nucleus and its rapid turnover and post-translational modification with lipid moieties (geranylgeranyl and farnesyl groups and palmitate). [16] [17] [18] [19] RhoB is a key regulator of diverse cellular processes, such as cytoskeleton organization and vesicle and membrane receptor trafficking. [20] [21] [22] As an immediate-early response gene, RhoB is rapidly induced by a wide variety of stimuli, including genotoxic and non-genotoxic stress, growth factors, and cytokines, thereby modulating cellular responses, such as cell proliferation, survival, and apoptosis. 21, [23] [24] [25] [26] The effect of hypoxia on RhoB has been studied by different groups with inconsistent results. It has been reported that hypoxia upregulates the expression of Cdc42, Rac1, and RhoA but not RhoB, in renal carcinoma Caki-1 cells. 27 Another group reported that hypoxia does not upregulate the expression of RhoB, rather it activates RhoB in glioblastoma U87 cells. 28 Nevertheless, a recent report demonstrated that hypoxia upregulates the expression of RhoB (but not RhoA) and activates RhoB in human pulmonary artery endothelial and smooth muscle cells and that RhoB activation is required for increased endothelial permeability and for the proliferative response to hypoxic stress. 26 It is unclear whether the regulation of RhoB by hypoxia is dependent on the cellular context or whether hypoxia regulates the expression of RhoB in macrophages.
Recently, increasing evidence as suggested that RhoB plays a role in the immune and inflammatory responses. RhoB-null mice have been reported to display a thymic atrophy phenotype at an early age. 29 Changes in cell shape and adhesive and migratory capacities have been observed in macrophages derived from the bone marrow of RhoB-null mice. 30 In vitro studies have shown that RhoB is involved in the lipopolysaccharide (LPS)-mediated surface expression of major histocompatibility complex class II molecules in dendritic cells. 31 Moreover, RhoB regulates tumor necrosis factor alpha (TNFa) receptor trafficking and mediates the TNF-a-triggered proinflammatory response of vascular endothelial cells by elevating intercellular adhesion molecule-1 (ICAM-1) expression, as well as the production of interleukin 6 (IL-6) and IL-8. 21 Our previous study found that LPS induces RhoB expression in vivo and in vitro, a process involved in LPS-induced NF-kB activation and secretion of TNF-a and nitric oxide in RAW264.7 cells. 32 Because hypoxia regulates macrophage functions during inflammation, it is worthwhile to investigate whether RhoB's role in the hypoxia-induced inflammatory response occurs through its effects on the function of macrophages.
In the present study, we investigated the induction effect of hypoxia on RhoB expression in the murine macrophage cell line RAW264.7, peritoneal macrophages, and spleen tissue of rats. We found that hypoxia upregulated the expression of RhoB in vitro and in vivo. Furthermore, we explored the mechanism underlying the hypoxia-induced expression of RhoB and the possible regulatory role of RhoB in the biological functions and behaviors of macrophages, including proinflammatory cytokine production, cell adhesion and migration, under normoxic and hypoxic conditions. The results of this study facilitate the understanding of the role of RhoB in the regulation of macrophage function under physiologic and pathophysiologic conditions.
MATERIALS AND METHODS

Chemicals and plasmids
The p38 inhibitor (SB203580), extracellular-signal regulated protein kinase (ERK) inhibitor (PD98059), and c-Jun N-terminal kinase (JNK) inhibitor (SP600125) and cobalt chloride (CoCl 2 ) were purchased from Sigma-Aldrich Chemicals (St. Louis, MO, USA). The HIF-1a inhibitor (400083) was purchased from Calbiochem (Darmstadt, Germany). The NF-kB inhibitor (Bay11-7082) was purchased from Selleckchem (Houston, TX, USA). The concentrations of these inhibitors were determined according to previous studies in macrophages. 8, 33, 34 The wild-type RhoB (RhoB-wt) expression vector (pcDNA3-RhoB; RhoB-wt), the constitutively activated RhoB mutant containing a point mutation in the GTPase domain (G14 V; RhoB-V14), and the empty vector pcDNA3.1 were generously provided by Dr. Prendergast. 35 The RhoB-RNA interference (RhoB-RNAi) plasmid was constructed as described previously. 32 Ambion (Austin, TX, USA) supplied the negative-control plasmid, which encodes a hairpin small interfering RNA (siRNA) with limited homology to any known sequences in the human, mouse, and rat genomes. The adenoviral RhoB shRNA plasmid (Ad-RhoB-RNAi) and adenoviral control (Ad-control) were obtained from Obio Technology Corp. (Shanghai, China). The pGL3-NF-kB-luc construct, containing two copies of wild-type NF-kB-luc-responsive elements, was kindly provided by Dr. Xu. 36 The pRL-SV40-luc vector was obtained from Promega (Beijing, China).
Cell culture and hypoxic exposure
The murine macrophage cell line RAW264.7 was cultured in Dulbecco's modified Eagle medium (DMEM) (Gibco, New York, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Hyclone, Logan, Utah, USA) and maintained in an incubator with a humidified atmosphere of 5% CO 2 at 37 uC. For the hypoxic exposure experiment, the cells were incubated in an anaerobic system (1% O 2 , 5% CO 2 , 94% N 2 ; Forma Scientific, USA), and control cells were cultured under normal oxygen tension (20% O 2 , 5% CO 2 ) for the indicated times.
Isolation of mouse peritoneal macrophages
Male BALB/C mice, at the age of 6-8 weeks, were housed in accordance with the guidelines of the Institutional Animal Care Committee of the Second Military Medical University in Shanghai, China. Macrophages were harvested from peritoneal lavage fluid, as described previously. 37 Cells were cultured in high-glucose DMEM containing 10% heat-inactivated FBS at 37 uC for 3 h, followed by washing to remove the nonadherent cells. The remaining adherent monolayer macrophages were cultured overnight in complete medium; then, cells were exposed to hypoxia, as described for RAW264.7 cells.
Animals and hypoxic exposure
The study protocol was approved by the Institutional Animal Care Committee of the Second Military Medical University in Shanghai, China. The animal care facility is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care. Sprague Dawley male rats, weighing between 200 g and 250 g, were purchased from the Shanghai Laboratory Animal Commission (Shanghai, China). All animals were acclimatized in our animal laboratory for at least 7 days before the experiment, being fed a standard laboratory chow and water. Randomly selected rats were put in a normobaric hypoxia chamber (40 L; Yangyuan Hyperbaric Oxygen Chamber Company, Shanghai, China) and flushed with 8% O 2 (a gas mixture of 8% O 2 and 92% N 2 ) for the indicated times. 38 After hypoxic exposure, the animals were immediately anesthetized and killed. The spleens were removed for RhoB detection. RNA extraction and quantitative real-time PCR analysis Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and 2 mg total RNA was reverse transcribed using Reverse Transcription Reagents (MBI Fermentas, Vilnius, Lithuania) following the manufacturer's protocol. Quantitative real-time PCR was performed in triplicate using a SYBR Green PCR Master Mix (Toyobo, Japan) on a Mastercycler ep realplex (Eppendorf, Germany). The primer sequences used were as follows: RhoB (mouse): 59-CTGGCCCGCATGAAGCA-39 and 59-AGGCAGTCTGGTGGTGTCC-39; RhoB (rat): 59-TGCTG ATCGTGTTCAGTAAG-39 and 59-AGCACATGAGAATGAC GTCG-39; IL-1b (mouse): 59-CAAATCTCGCAGCAGCACA-39 and 59-TCATGTCCTCATCCTGGAAGG-39; IL-6 (mouse): 59-TAGTCCTTCCTACCCCAATTTCC-39and 59-TTGGTCCTT AGCCACTCCTTC-39; TNF-a (mouse): 59-GACGTGGAACTG GCAGAAGAG-39 and 59-TTGGTGGTTTGTGAGTGTGAG-39; b-actin (mouse): 59-CTGTATGCCTCTGGTCGTAC-39 and 59-TGATGTCACGCACGATTTCC-39; and GAPDH (rat): 59-ATGGTGGGTATGGGTCAGAAG-39 and 59-TGGCTGGGGT GTTGAAGGTC-39. Thermal cycling conditions consisted of an initial denaturing step (95 uC, 2 min), followed by 40 cycles of denaturing (95 uC, 15 s), annealing (60 uC, 15 s), and extending (72 uC, 45 s). The mRNA levels were normalized to b-actin or GAPDH (internal control) and their relative quantities were determined using the 2 DDCT formula.
Transient transfection and adenoviral infection
Preparation of the nuclear and cytoplasmic extracts
The nuclear and cytoplasmic protein fractions were extracted using the NE-PER extraction reagents kit (Thermo Fisher Scientific) according to the manufacturer's protocol. Nuclear and cytoplasmic protein extracts were used for western blot analysis.
Western blot analysis
The total cell lysates were prepared with 13 SDS lysis buffer with 100 mM dithiothreitol and 2 mg mL 21 protease inhibitors containing 0.1 mM leupeptin, aprotinin, and pepstatin. After electrophoresis, proteins were transferred to a nitrocellulose membrane, blocked with 5% nonfat milk, and probed overnight with primary antibodies against RhoB (sc-180, Santa Cruz, TX, USA), b-actin (A5441, Sigma-Aldrich Chemicals, St. Louis, MO, USA), HIF-1a (H-206, Santa Cruz, TX, USA), p65/RelA (PC138, Calbiochem, Darmstadt, Germany), Lamin B1, phosphorylated JNK (p-JNK), JNK, phosphorylated ERK (p-ERK), ERK, phosphorylated p38 (p-p38), or p38 mitogen-activated protein kinases (MAPK) (Cell Signaling, Boston, MA, USA). The membranes were washed three times and incubated with horseradish peroxidase-conjugated secondary antibodies (1:5000, Rockland Immunochemicals, Limerick, PA, USA) for 2 h. Finally, blots were detected by ECL chemiluminescence (Pierce, Rockford, IL, USA). Protein bands were quantified with ImageJ software (NIH, USA) using b-actin as an internal control.
ELISA assay
Commercially obtained ELISA kits (BioLegend, San Diego, CA, USA) were used to quantify the levels of mouse IL-1b, IL-6, and TNF-a released from cells into the culture medium under various experimental conditions. The cell culture supernatant was collected and prepared, and the assay was carried out following the manufacturer's instructions.
Luciferase assay
Cells were plated in triplicate into a 24-well plate at a density of 3 3 10 5 cells well 21 for overnight culture; then, cultures were transiently co-transfected with 200 ng of pGL3-NF-kB-luc along with 600 ng of RhoB-wt, RhoB-V14, pcDNA3.1, RhoB-RNAi plasmid, or negative-control plasmid using Lipofectamine 2000 Transfection Reagent (Invitrogen). One nanogram of pRL-SV40-luc per well was co-transfected to normalize the transfection efficiency. Following transfection for 36 h, cells were left unexposed or exposed to hypoxia for another 12 h. The luciferase activity was determined by the dual luciferase assay system (Promega). Results were normalized against the internal renilla control and presented as fold induction over the control.
Cell adhesion assay
Cell adhesive ability was determined by a cell adhesion assay. 39 Following transient transfection, cells were incubated under normoxic or hypoxic culture conditions for another 12 h. Then, cells were digested in a single cell suspension, and approximately 8 3 10 4 cells were seeded onto 96-well plates and incubated at 37 uC under normoxic culture conditions for 1 h. The plates were gently washed twice with PBS to remove the nonadherent cells. The remaining cells were incubated in medium supplemented with 50 mg mL 21 methylthiazole tetrazolium for 3 h. Cells were then solubilized by adding 0.53 volumes of dimethyl sulfoxide. The absorbance was measured at 570 nm.
Cell migration assay
Cell migratory ability was assessed in vitro using trans-well chambers (24- 4 cells in serum-free medium were plated in the upper chamber, and medium supplemented with 10% serum was used as a chemoattractant in the lower chamber. Then, cells were incubated under normoxic and hypoxic conditions for 20 h. The non-migrating cells on the upper surface of the membrane were removed by a cotton swab. Cells on the lower surface of the membrane were then fixed with cold methanol and stained with 0.1% crystal violet. Cell migration was quantified by counting stained cells in five randomly selected fields at 1003 magnification with a light microscope.
Statistical analysis
Quantitative data are shown as the means 6 SD. Differences between the two groups were analyzed using the Student's t-test. A value of P , 0.05 was considered statistically significant.
RESULTS
Hypoxia induces RhoB expression in macrophages
We first investigated the effect of hypoxia (1% O 2 ) on RhoB expression in murine macrophage RAW264.7 cells and mouse peritoneal macrophages. The results showed that hypoxia significantly induced the mRNA and protein expression of RhoB in RAW264.7 cells, reaching a maximal 2.9-fold (P , 0.01) increase at 8 h and a 2.8-fold (P , 0.01) increase at 12 h compared with the normoxic control (Figure 1a and b) . Hypoxia had no significant effect on the protein expression of RhoA in RAW264.7 cells (Figure 1b) . Furthermore, the treatment of RAW264.7 cells with 200 mM CoCl 2 , a chemical inducer of hypoxia, significantly increased the RhoB protein level in a time-dependent manner (Figure 1c) . The effect of hypoxia on the expression of RhoB in mouse peritoneal macrophages was also observed. As shown in Figure 1d and e, although the mRNA and protein levels of RhoB declined over time in normoxia, hypoxia upregulated the mRNA and protein expression of RhoB at the indicated time points. Hypoxic exposure for 4 h induced a maximal 1.9-fold (P , 0.05) increase in the RhoB protein level compared with the corresponding normoxic control in mouse peritoneal macrophages. No significant changes in the RhoA protein level were observed in mouse peritoneal macrophages under hypoxic conditions.
Hypoxia significantly increases RhoB expression in the spleen of rats Given that splenic macrophages play a pivotal role in inflammatory and immune reactions, 40 we further investigated the effect of hypoxia on RhoB expression in the spleen tissue of rats. The rats were exposed to normoxia and hypoxia (8% O 2 ) for different times, and then the mRNA and protein levels of RhoB in the spleen tissue were examined by qRT-PCR and western blot, respectively. As shown in Figure 2a , the mRNA level of RhoB began to increase after exposure to hypoxia for 8 h and reached a maximal 3.5-fold increase compared with the normoxic group after hypoxic exposure for 12 h (P , 0.01). A similar result was observed at the protein level for RhoB, reaching a maximal 3.1-fold increase compared with the normoxic group after hypoxic exposure for 24 h (P , 0.01; Figure 1b ). These data indicate that hypoxia significantly induced the expression of RhoB in a time-dependent manner in vivo.
HIF-1a, ERK, and JNK activity are involved in the induction of RhoB expression by hypoxia in RAW264.7 cells We further investigated the mechanism underlying hypoxiainduced expression of RhoB in RAW264.7 cells. HIF-1 is a transcription factor induced by hypoxia that possesses two subunits, HIF-1a and HIF-1b. Hypoxia increases the protein level of HIF-1a by stabilizing the HIF-1a protein, whereas HIF1b is constitutively expressed. 41 The results showed that hypoxia increased the protein level of HIF-1a (Figure 3a) . The treatment of cells with a specific HIF-1a inhibitor markedly decreased the RhoB mRNA and protein levels induced by hypoxia (Figure 3a and b) , indicating that HIF-1a contributed to the upregulation of RhoB in response to hypoxia.
Hypoxia reportedly activates kinases of the MAPK family, such as ERK, JNK, and p38 MAPK, in multiple cell types. [42] [43] [44] [45] However, it is unknown whether these kinases are involved in the induction of RhoB by hypoxia. We demonstrated that hypoxia increased the phosphorylated levels of JNK, ERK, and p38 MAPK (Figure 3c ), indicating that hypoxia led to the activation of these kinases. Then, we observed the effect of a specific inhibitor of p38 MAPK (SB203580), ERK (PD098059), or JNK (SP600125) on the hypoxia-induced expression of RhoB. The inhibition of JNK and ERK but not p38 MAPK activity caused an obvious inhibitory effect on the induction of RhoB protein by hypoxia (Figure 3d ). These data indicate that ERK and JNK activity is also involved in the upregulation of RhoB expression by hypoxia in RAW264.7 cells.
Upregulation of RhoB contributes to the augmentation of proinflammatory cytokine production in macrophages under hypoxic conditions
We next investigated the relationship between the upregulation of RhoB by hypoxia and proinflammatory cytokine production in macrophages by silencing the expression of RhoB. The knockdown of RhoB but not RhoA expression in RAW264.7 cells, using specific RhoB-RNAi in conditions of normoxia and in hypoxia was confirmed by western blotting (Figure 4a ). The mRNA expression of IL-1b, IL-6, and TNF-a was determined by qRT-PCR, and the secretion of these cytokines in culture medium supernatants was detected by ELISA. As shown in Figure 4b -g, hypoxia significantly increased the expression of IL-1b, IL-6, and TNF-a in control-transfected cells. The knockdown of RhoB expression not only significantly suppressed the basal mRNA levels of IL-1b, IL-6, and TNF-a, as well as the basal secretion of IL-1b and IL-6 in normoxia but also more markedly decreased the hypoxia-stimulated production of these cytokines. Moreover, we found that RhoB silencing also significantly decreased the mRNA levels of IL-1b, IL-6, and TNF-a in primary peritoneal macrophages under normoxic and hypoxic conditions (Supplementary Figure S1b-d) . These results indicate that the upregulation of RhoB by hypoxia contributed to the increased proinflammatory cytokine production in macrophages under hypoxic condition.
RhoB promotes the production of proinflammatory cytokines by activating NF-kB in RAW264.7 cells NF-kB signaling reportedly plays an important role in the hypoxia-induced inflammatory response, including proinflammatory cytokine production. 4 Therefore, we investigated the impact of RhoB on p65 nuclear translocation and NF-kB transcriptional activity in RAW264.7 cells. The results showed that hypoxia increased p65 nuclear translocation and luciferase activity of NF-kB in the control transfectant. The suppression of RhoB expression with RhoB-RNAi significantly reduced hypoxiainduced p65 nuclear translocation and inhibited luciferase activity of NF-kB in normoxic and hypoxic conditions (Figure 5a and b) . Figure 2 Upregulation of RhoB expression by hypoxia in the spleen tissue of rats. Adult male Sprague Dawley rats were put in a normal pressure hypoxia chamber filled with 8% O 2 and 92% N 2 for 8 h (n 5 6), 16 h (n 5 6), or 24 h (n 5 6) at random; the control group (n 5 6) remained in a normoxic environment. The mRNA (a) and protein (b) levels of RhoB in the spleens of rats were assessed by qRT-PCR and western blotting, respectively. Rat GAPDH was used as a normalization control for qRT-PCR, and b-actin was used as a loading control for western blots. RhoB protein expression was quantified by densitometric analysis. The results were expressed as fold changes compared to the normoxia levels. Each bar represents the mean 6 SD. *P , 0.05, **P , 0.01 versus the normoxic group.
Moreover, the overexpression of RhoB-wt transfectant and the constitutive activation of RhoB (RhoB-V14 transfectant) increased p65 nuclear translocation and the transcriptional activity of NF-kB in normoxic conditions (Figure 5c and d) . The increase in the luciferase activity of NF-kB was 1.57-fold (P , 0.05) and 2.97-fold (P , 0.05) higher in the RhoB-wt and RhoB-V14 transfectants compared with the control transfectant, respectively (Figure 5d ). These data indicate that RhoB increased NF-kB signaling in RAW264.7 cells. We further examined whether RhoB promotes the expression of IL-1b, IL-6, and TNF-a through the activation of NF-kB. The results showed that overexpression of RhoB-wt and the constitutive activation of RhoB significantly increased the mRNA levels of IL-1b, IL-6, and TNF-a in normoxia. The inhibition of NF-kB trans-activation using Bay11-7082 (Bay), a specific NF-kB inhibitor, significantly reversed the upregulating effect of RhoB on the mRNA levels of IL-1b, IL-6, and TNF-a (Figure 5e ). These data indicate that RhoB promotes the expression of proinflammatory cytokines by activating NF-kB in RAW264.7 cells.
RhoB promotes cell adhesion and inhibits cell migration in RAW264.7 cells in normoxia and hypoxia Finally, we investigated the effect of RhoB on the adhesive and migratory capacity of RAW264.7 cells. As shown in Figure 6a , hypoxic preconditioning for 12 h induced a 1.52-fold (P , 0.01) increase in the cell adhesive capacity compared with the normoxic control transfectant RAW264.7 cells. The suppression of RhoB expression with RhoB-RNAi not only abrogated hypoxic preconditioninginduced adhesive enhancement but also significantly inhibited cell adhesion (67% of the level of the control transfectant, P , 0.01) in normoxia. Hypoxia exerted an inhibitory effect on the cell migration of the control transfectants of RAW264.7 cells (55% of the normoxic control, P , 0.05; Figure 3 Role of HIF-1a and the MAPK family in the induction of RhoB by hypoxia (a and b) RAW264.7 cells were exposed to hypoxia for 8 h or 12 h in the presence or absence of HIF-1a inhibitor (100 mM); then, the RhoB mRNA level and the HIF-1a and RhoB protein levels were measured by qRT-PCR and western blotting, respectively. (c) RAW264.7 cells were exposed to hypoxia for the indicated times, and p-JNK, JNK, p-ERK, ERK, pp38, and p38 were measured by western blot. (d) Cells were pre-incubated with or without SB203580 (SB, 10 mM), SP600125 (SP, 20 mM), or PD98059 (PD, 20 mM) for 1 h; then, the cells were exposed to hypoxia for 12 h. RhoB protein was measured by western blotting and quantified by densitometric analysis; b-actin was used as a normalization control. The results were expressed as the fold change compared to normoxic conditions. Each bar represents the mean 6 SD. **P , 0.01 versus the normoxic control, Figure 4 Effect of RhoB knockdown on proinflammatory cytokine induction by hypoxia in RAW264.7 cells RAW264.7 cells were transfected with a negative-control plasmid or a RhoB-RNAi plasmid. After transfection for 36 h, cells were incubated in hypoxic (1% O 2 ) or normoxic conditions for another 12 h. Knockdown of RhoB expression was monitored at the protein level by western blotting (a), and the mRNA levels of IL-1b (b), IL-6 (d), and TNF-a (f) were assessed by qRT-PCR. The supernatants were collected after culture medium renewal for 36 h and analyzed for IL-1b (c), IL-6 (e), and TNF-a (g) by ELISA; b-actin was used as a normalization control for qRT-PCR and as a loading control for western blotting. RhoB protein expression was quantified by densitometric analysis. The values are expressed as the fold change compared to the normoxic control and represent the mean of three independent experiments. Each bar represents the mean 6 SD. *P , 0.05, **P , 0.01 versus the negative control in conditions of normoxia, # P , 0.05, ## P , 0.01 versus the negative control in hypoxic conditions. Figure 6b ). The knockdown of RhoB expression significantly promoted cell migration in both normoxic and hypoxic conditions (Figure 6b ). To further evaluate the role of RhoB in cell adhesion and migration in macrophages, we investigated the effect of RhoB overexpression on cell adhesion and migration in RAW264.7 cells under normoxic conditions.
The results showed that the overexpression of RhoB increased the cell adhesive ability and attenuated the cell migratory ability in normoxic conditions (Supplementary Figure S2b  and c) . These results indicate that RhoB played an important role in enhancing macrophage adhesion and inhibiting macrophage migration in normoxic and hypoxic conditions. then, the mRNA levels of IL-1b, IL-6, and TNF-a were measured by qRT-PCR; b-actin was used as a normalization control for qRT-PCR and as a total and cytoplasmic loading control for western blots. Lamin B1 was used as a nuclear loading control for western blots. The values were expressed as the fold change relative to the control and represent the mean of three independent experiments. Each bar represents the mean 6 SD. *P , 0.05, **P , 0.01 versus the corresponding control in conditions of normoxia, # P , 0.05 versus the negative control in conditions of hypoxia, $ DISCUSSION Tissue hypoxia can induce an inflammatory response, and macrophages play a key part in the hypoxia-induced inflammatory response. However, it is unclear whether RhoB is involved in the regulation of macrophage function during hypoxia. In this study, we investigated the effect of hypoxia on the expression of RhoB and its mechanism and significance in macrophages. We found that hypoxia significantly induced RhoB expression in vitro in murine macrophage RAW264.7 cells and mouse peritoneal macrophages and in vivo in the spleen tissue of rats. It is well known that HIF-1a plays a central role in hypoxic stress by modulating gene profiles. In our study, hypoxia increased the protein level of HIF-1a, and treatment with a HIF-1a inhibitor markedly reduced the mRNA and protein levels of RhoB induced by hypoxia, indicating that HIF-1a contributed to the upregulation of RhoB in RAW264.7 cells. Skuli et al. reported that silencing RhoB with siRNA induces the degradation and inhibition of the transcriptional activity of HIF-1a by the proteasome in U87 hypoxic cells, indicating that RhoB stabilizes HIF-1a. 28 Conversely, our results showed that HIF-1a was involved in hypoxia-induced RhoB expression. These data suggest that a positive regulation loop exists between HIF-1a and RhoB under hypoxic conditions. Previous studies demonstrated that several types of stresses, including hypoxic stress, can induce the activation of MAPK signal transduction pathways. [42] [43] [44] [45] Fritz et al. demonstrated that UVC-induced expression of RhoB is independent of ERK, JNK, and p38 MAPK in fibroblast cells. 46 However, our previous studies found that activation of the p38 MAPK pathway contributes to heat stress-induced expression of RhoB in A549 cells. 47 It is unknown whether these kinases are involved in the upregulation of RhoB by hypoxia. Here, we demonstrated that hypoxia-activated ERK, JNK, and p38 MAPK in RAW264.7 cells. The treatment of cells with inhibitors of JNK or ERK but not p38 MAPK markedly reduced the hypoxia-induced expression of RhoB, indicating that ERK and JNK activities were involved in the upregulation of RhoB expression by hypoxia in RAW264.7 cells.
Studies conducted by both us and others have demonstrated that hypoxia augments the proinflammatory cytokine production in macrophages. 9, 12, 33 In this study, we found that hypoxia-induced RhoB expression was involved in the hypoxia-induced production of IL-1b, IL-6, and TNF-a in macrophages. In our previous studies, we found that RhoB is involved in basal NF-kB activation in ovarian cancer cells and LPS-induced NF-kB activation in RAW264.7 cells. 32, 48 Here, we further found that RhoB promoted NF-kB and p65 nuclear translocation, the transcriptional activity of NF-kB, and the expression of IL-1b, IL-6, and TNF-a under normoxic and hypoxic conditions. Inhibiting the transcriptional activity of NF-kB significantly decreased the RhoB-induced increases in the mRNA levels of IL-1b, IL-6, and TNF-a. These data indicate that RhoB contributed to the expression of proinflammatory cytokines through the activation of NF-kB signaling in RAW264.7 cells. However, Rodriguez et al. reported that the activation of NF-kB by RhoB is ROCK I-dependent and is associated with the direct phosphorylation of the p65 transactivation domain rather than the increased nuclear translocation of p65 in 293T and HeLa cells. 49 The underlying mechanism responsible for the activation of NF-kB signaling by RhoB in macrophages is unclear and requires further investigation.
In addition to regulating proinflammatory cytokine production, we found that RhoB promoted macrophage adhesion to the ECM and inhibited macrophage migration in normoxic and hypoxic conditions. These findings reveal that RhoB not only contributed to the regulation of macrophage functions physiologically, including promoting the production of proinflammatory cytokines, enhancing macrophage adhesion and inhibiting macrophage migration, but also played an important role in the activation of macrophages and the hypoxia-induced inflammatory response. Consistently, recent in vitro studies have shown that macrophages derived from the bone marrow of RhoB-null mice reduced cell adhesion to ICAM-1 and glass, which is associated with reduced cell surface expression of the b2 and b3 integrins. 30 The activation of RhoB by hypoxia also positively modulates integrin-based adhesion in glioblastoma cells. 50 With regard to the regulation of macrophage motility, it was reported that hypoxia inhibits cell migration in human THP-1 monocytic cells and human primary macrophages. 51 Here, we demonstrated that RhoB inhibited macrophage migration in conditions of normoxia and hypoxia, indicating that RhoB is a negative regulator of macrophage motility. The upregulation of RhoB enhances adhesion and inhibits migration in macrophages under hypoxic conditions, which may partially explain how macrophages infiltrate hypoxic sites of tissues: cells migrate along a chemotactic gradient until they reach an area of hypoxia, where they are rapidly prevented from further progressing.
In summary, we found that hypoxia upregulated the expression of RhoB in macrophages. The transcription factor HIF-1a and the ERK and JNK kinases were involved in the induction of RhoB by hypoxia in RAW264.7 cells. RhoB promoted the production of proinflammatory cytokines, such as IL-1b, IL-6, and TNF-a, by activating NF-kB signaling, enhancing macrophage adhesion and inhibiting macrophage migration under hypoxic conditions, all of which sustained the inflammation (Figure 7) . These findings provide a novel mechanism by which RhoB links macrophage function to the hypoxia-induced inflammatory response. 
